ABSTRACT
The temperate bacteriophage, Mu-1, induces mutations in its host, Escherichia coli K-12. Both genetic and physical evidence support Taylor's hypothesis that a principal mechanism of gene inactivation is the insertion of Mu DNA into the nucleotide sequence of that particular gene (2) (3) (4) (5) (6) . Mu insertion can take place at a very large number of sites on the E. coli genome.
In the present investigation, we have applied the electron microscope heteroduplex method to study the structure of Mu DNA inserted into bacterial F' factors. The results show that inserted (prophage) Mu DNA contains the same sequences in the same relative order as does the DNA of the mature phage; this is to be compared to many other temperate phages, such as the lambdoid phages, where the prophage DNA is circularly permuted relative to the DNA of the mature phage.
The physical position of the inserted Mu on the F' DNA defines the position of the gene inactivated. This is the basis, we believe, for a broadly applicable method for physical gene mapping.
MATERIALS AND METHODS
Bacteria and Bacteriophages. The bacterial strains used are listed in Table 1 . M 13 phage was a kind gift from Dr. A. Forsheit.
Abbreviations and notation: kb, kilo bases, a unit of length equal to one thousand bases or base-pairs on single-and double-strand nucleic acids, respectively. We use the notation Flac(Mu) with Mu in parentheses in the standard way to indicate that Mu is a prophage borne by the DNA molecule Flac. The notation Flac(ex AT 3155) means that the episome Flac is carried in the bacterial strain AT 3155 and/or that the DNA molecule has been extracted therefrom. The Fig. 4 , and schematically depicted in Fig. 2e Fig. 2b were seen; in the micrograph shown in Fig. 4 , split ends are seen. The split ends always occur distal to the marker loop B, relative to the junction b. Thus, Mu has been inserted with a defined, fixed polarity. We can see in Fig. 2e that the Mu DNA insertion in the bacterial genes of Flac Proc. Nat. Acad. Sci. USA 69 (1972) occurs at a position 45.7 i 0.8 kb clockwise from the counterclockwise junction (identified as a in the figure) of F DNA with bacterial DNA in Flac. This point of insertion of Mu DNA defines a position within the lacl gene. The junction a defines the point at which F integrated into E. coli K12 to form the Hfr from which Flac was derived (1). Thus, a posi- tion within the lacI gene in the segment of the E. coli K12 chromosome carried by Flac has been physically mapped.
Mu Inserted Wfithin a Transfer Gene of F8 [1 ] . F8 [1 ] harbored in strain JE 5303 is a gal-bearing, fertile F' factor (10). Its structure has been described. A culture of strain JE 5303 was treated with Mu; surviving lysogens were selected for gal+ and M 13 resistance (and thus, a probable loss of fertility). The DNA from such a strain (ND 4) had a contour length equal to that of the parental F8 [1] plus one Mu length. The structure of the DNA molecule, as determined from a heteroduplex F8 [1] (Mu)/FzA(33-43), is depicted in Fig. 2f .
An electron micrograph is shown in Fig. 5 . The Mu DNA has been inserted at the coordinate 68 kb on the map of F. This region was identified as one probably containing transfer genes of F (see Fig. 14 Intracellular Forms of Mu. We have searched for the kinds of closed-circular molecules observable by direct lysis of a cell bearing Mu inserted in an episome. It is our general experience that when a cell bearing a plasmid is subjected to direct lysis and the DNA is spread for electron microscopy as described in Methods, it is possible by careful searching of the grids to recognize twisted circular molecules. The molecules are usually so tightly supercoiled that, in many places, the two duplex filaments are twisted around each other and appear as a single thicker filament. Calibration experiments have shown that the contour lengths of these thicker filament regions times 2.4 plus the lengths of the several duplex regions gives the contour length of the DNA molecule observed as a relaxed circle. By direct lysis of an exponentially growing culture of of the strain ND 4, carrying the F8 [1 ] (Mu) episome, we observe two size classes of molecules. The major population of molecules had the length expected for F8 [1] (Mu). The minor population has the length expected for Mu DNA. We propose that this is an intracellular form of Mu. (Fig. 6) . We believe that this nonhomology region is the internal nonhomology loop G of Mu (Fig. 2b) .
In heteroduplexes F8 [1] (Mu)/Mu, molecules of the type shown in Fig. 7 are seen at a low frequency. There is a complete single-strand of F8 [1] (Mu) and a complete linear Mu; they are associated by a duplex region of length 3.0 kb at the position of Mu where the nonhomology loop G occurs. The interpretation of these findings is that in the prophage in F8 [1 ] (Mu), the sequence G of Mu DNA occurs in two states, one the inverse of the other. It should be noted that this inversion occurs even though the bacteria were derived from a single colony and were recA-. We have further observed that the same inversion occurs in mature Mu DNA itself; this is the cause of the loop G in self-renatured Mu (Fig. 2b) .
DISCUSSION
The present physical study shows that Mu (13) . L. Chow in this laboratory has provided direct physical evidence that the prophage of SPO 2 is circularly permuted relative to the DNA of the mature phage, by observing a circular structure in prophage-phage heteroduplexes. She interprets the absence of such structures in renatured prophage-phage mixtures for 4105 to indicate that prophage 4105 DNA is collinear with that of the mature phage, in agreement with the genetic results.
However, the present observation of a linear duplex structure for Mu DNA prophage-phage heteroduplexes is the first direct physical evidence for a case of lysogeny by insertion without circular permutation. 
